OBJECTIVEdWe examined if chronic cannabis smoking is associated with hepatic steatosis, insulin resistance, reduced b-cell function, or dyslipidemia in healthy individuals.
CB 1 Rs are present in peripheral tissues involved in energy homeostasis, such as adipose tissue, liver, skeletal muscle, and pancreas (1, 2) . CB 1 R activation promotes lipogenesis in the liver and adipose tissue (1, 2, 5) , reduces insulin responsiveness in skeletal muscle (3) , and impairs insulin action and secretion in pancreatic b-cells (4).
Consistent with these findings, clinical interventional trials suggest that CB 1 R antagonism reduces body weight, improves dyslipidemia, and attenuates insulin resistance in humans (6, 7) .
D9-Tetrahydrocannabinol (D9-THC), the primary psychoactive component of Cannabis sativa, activates peripheral and central CB 1 Rs (2) . Acute treatment of healthy human volunteers with cannabis induces glucose intolerance (8, 9) . Similarly, short-term (13 days) marijuana smoking increases appetite, food intake, and body weight in healthy men (10) . In individuals with chronic hepatitis C, daily marijuana abuse was associated with a higher risk for hepatic steatosis (11) . These findings from animal and human studies suggest that chronic cannabis use and CB 1 R activation may negatively affect metabolic actions of insulin and facilitate hepatic steatosis. Cannabis (marijuana) is the most commonly used illicit drug in the U.S. with ;17 million current users (12) . Despite such widespread use, relatively little is known about the metabolic effects associated with chronic cannabis use. To that end, in a cross-sectional, case-control study, we examined if chronic cannabis smoking is associated with hepatic steatosis, insulin resistance, reduced b-cell function, and dyslipidemia in healthy individuals.
RESEARCH DESIGN AND METHODS

Study design and study subjects
This cross-sectional, case-control study was conducted at the Clinical Research Center, National Institutes of Health (NIH), in Bethesda, MD (ClinicalTrials. gov Identifier: NCT00428987) and the Johns Hopkins Behavioral Pharmacology Research Unit (BPRU) in Baltimore, MD. The study protocol was approved by the NIH Central Nervous System Institutional Review Board and Institutional Review Boards of the National Institute of Diabetes and Digestive and Kidney Diseases-National Institute of Arthritis and Musculoskeletal and Skin Diseases, and all procedures followed were in accordance with institutional guidelines. Written informed consent was obtained from all subjects. Adults who smoked cannabis at least 4 days per week for the last 6 months, with a self-reported history of cannabis smoking for at least 1 year, and not seeking active treatment were recruited by the National Institute on Drug Abuse. Exclusion criteria were dependence on drugs other than nicotine, caffeine, and cannabis within the past 6 months of screening visit; history of intravenous illegal drug use; alcohol intake of more than five drinks per day on $3 days in a week (.15 drinks/week); history of hepatitis B or C or current hepatitis A, B, or C; history of diabetes (type 1 or type 2), polycystic ovary disease, or other conditions that may confound study outcomes; professional or collegiate athletes or active participation in .60 min/day of vigorous exercise; use of prescribed or over-the-counter or herbal/alternative medications/preparations with effects on glucose and lipid metabolism; and pregnancy.
Cannabis smokers underwent history and physical examination as well as laboratory tests of blood and urine to ensure that they were free of current somatic and psychiatric illness and did not currently abuse drugs other than cannabis (or nicotine or alcohol). Eligible participants were admitted to the BPRU, where they were continuously monitored and not allowed to leave the unit or receive visitors during their stay to exclude illicit drug use. Following an overnight stay at BPRU, subjects were transported to the NIH Clinical Center for metabolic studies and imaging studies. After the study procedures, the subjects were transported back to BPRU. Control subjects with no prior history of cannabis use and with negative urine screens for illicit drug use were recruited by National Institute of Diabetes and Digestive and Kidney Diseases in Bethesda, MD. Control subjects were matched with cannabis smokers for sex, ethnicity, age (6 5 years), and BMI (6 2 kg/m 2 ).
Study procedures
Dietary intake and dietary quality. A 24-h dietary recall was used for evaluation of total daily energy intake (13 b-Cell glucose sensitivity, rate sensitivity, and the potentiation factor were calculated with the model as described previously (23) . In addition, insulinogenic index (IGI) was derived from plasma insulin and glucose concentrations during an OGTT as previously described (24) . Statistical analyses. The primary outcome measures were differences in insulin sensitivity and hepatic fat content between age-, sex-, ethnicity-, and BMImatched chronic cannabis smokers and control subjects. There were no prior studies examining the effects of chronic cannabis use on insulin sensitivity or hepatic fat content in healthy individuals. In a study of hepatic steatosis (assessed by biopsy) in hepatitis C virus (HCV)-infected individuals, 33% of daily cannabis users had marked steatosis compared with 16% of nonusers (odds ratio of 2.1) (11) . In healthy individuals, we expected the effects of chronic cannabis smoking on hepatic fat content to be larger than observed in HCV-infected individuals. A sample size of n = 60, with n = 30 in each cohort was sufficient to provide 80% power with a = 0.05 in detecting a standardized difference of ;0.75 in hepatic fat content (estimated SD, 7%) (16) . Similarly, a sample size of n = 60 was sufficient to detect a standardized difference of ;1.0 in insulin sensitivity by QUICKI (estimated SD, 0.037) (20) and OGIS (estimated SD, 60 mL z min 21 z m 22 ) (18) with a power of 90% and a = 0.05. The presence of skewed data were evaluated by visual inspection of quantile-quantile plots, stem and leaf plots, or box plots and verified by the Shapiro-Wilk test for normal distribution. After testing data for normality, we used Student unpaired t, paired t, or appropriate nonparametric tests for evaluation of differences between the groups. Because of the exploratory nature of this study, no adjustments were made for multiple comparisons, and values of P , 0.05 were considered to represent statistical significance. The statistical software StatsDirect version 2.7.2 (Chershire, U.K.) was used for data analysis.
RESULTS
Clinical characteristics, cannabis use, and energy intake of study subjects This study included age-, sex-, race-, and BMI-matched chronic cannabis smokers (n = 30) and control subjects (n = 30). The median age of cannabis smokers was 25 years (25th-75th percentile: 21-28 years). Age at first cannabis smoking was 15 6 3 years (range, [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Participants smoked an average of 10 6 8 joints per day (range 3-30) for 12 6 9 years (range, 2-38). The majority of cannabis smokers in our cohort were African American (73%) and men (60%) ( Table 1 ). The median BMI of the cannabis smokers was 26 kg/m 2 (range, . The participants in the control group were matched for age, sex, ethnicity, and BMI (Table 1) . Seventeen of the cannabis smokers (56%) also smoked tobacco, whereas only two participants in the control group were tobacco smokers. Systolic and diastolic blood pressures were significantly higher in cannabis users when compared with control participants (systolic blood pressure, 128 6 13 vs. 120 6 12 mm Hg, P = 0.01; diastolic blood pressure, 76 6 10 vs. 71 6 8 mm Hg, P = 0.01).
Total daily energy intake, assessed by 24-h dietary recall, was not significantly different between the groups. However, carbohydrate intake and percent calories from carbohydrates were significantly higher in cannabis smokers (Table 1 ). Diet quality was measured using the HEI-2005. As seen in Table 1 , the quality of diet consumed by cannabis smokers was lower than the control group, reflecting differing food choices. Despite differences in total diet quality, the percent total daily calories from fat and alcohol were not significantly different between the groups. In both groups, women consumed less alcohol (% energy intake) than men (control subjects: 1.7 6 2 vs. 5 6 11; cannabis: 1.9 6 4 vs. 2.7 6 3).
Cannabis use, adiposity, and body fat distribution In addition to being age-and BMImatched, total body fat (TBF) content (regional percent fat) was similar between the groups (28 6 12 vs. 28 6 11%; P = 0.75) (Fig. 1) . Relative distribution of abdominal fat was evaluated by magnetic resonance imaging. While cannabis smokers had a lower total (P = 0.003) and subcutaneous (P = 0.008) fat in the abdomen, the percent of visceral fat area (visceral fat area/total abdominal fat area) was higher (18 6 9 vs. 12 6 5%; P = 0.004) when compared with the control group (Fig. 1) . However, the percent of visceral fat area was unrelated to age or frequency or duration of cannabis use. Contrary to our hypothesis, hepatic fat content as assessed by MRS was not different between the groups (1.1 6 1.3 vs. 1.5 6 1.9%; P = 0.59) (Fig. 1) . In the combined cohort, age (age: r = 0.26; P = 0.05) and percent TBF (r = 0.35; P = 0.007) was associated with hepatic fat content. Similar to percent visceral fat, hepatic fat content was unrelated to age or frequency or duration of cannabis use.
Chronic cannabis use, metabolic parameters, and insulin sensitivity Fasting plasma glucose and insulin as well as a measure of glycemic control, A1C, were comparable between the groups (Table 2 ). Fasting levels of HDL cholesterol (P = 0.02) were lower in cannabis smokers (women: 49 6 12 vs. 61 6 12 mg/dL; men: 49 6 12 vs. 51 6 12 mg/dL). However, LDL cholesterol, triglycerides, and FFA levels were comparable between the groups (Table 2) . Likewise, circulating levels of high-sensitivity C-reactive protein (cannabis: women, 5.6 6 9.3 and men, 0.8 6 0.7 mg/L; control subjects: women, 1.5 6 1.9, men, 1.2 6 1.4 mg/L), leptin (cannabis: women, 29.5 6 20.0 and men, 5.9 6 8.4 ng/mL; control subjects: women, 28.2 6 18.4 and men, 5.1 6 5.4 ng/mL), and adiponectin were similar (Table 2) . Although, levels of liver transaminases, alanine aminotransferase, and aspartate aminotransferase were not different, plasma levels of alkaline phosphatase were significantly higher in cannabis smokers ( Table 2) .
Measures of hepatic insulin resistance, QUICKI, HIRI, and OGIS, a measure of peripheral glucose disposal, were not significantly different between the groups (Table 3) . However, indices of adipose tissue insulin resistance, AIRI, and FFA suppression index were significantly higher in cannabis smokers (Table 3) .
Chronic cannabis use, insulin secretion, and pancreatic b-cell function Basal and postglucose load absolute insulin secretory rates were comparable between the groups. In order to assess insulin secretion in response to a dynamic change in plasma glucose levels, we measured rate sensitivity and IGI. IGI, the ratio of the rise of the insulin and glucose concentrations over basal level at 30 min (DI/DG), and rate sensitivity were not different between the groups (Table 3 ). Insulin secretion and its relationship to plasma glucose concentrations were evaluated by model-derived b-cell glucose sensitivity parameter. Other measures of b-cell function, b-cell glucose sensitivity, and potentiation factor in chronic cannabis smokers were also similar to control subjects.
Incretin secretion in chronic cannabis smokers
Incretins play an important role in regulating appetite and pancreatic b-cell function. To examine if chronic cannabis smoking affects incretin levels, we measured fasting and post-OGTT incretin concentrations. Fasting levels of acylghrelin (10.6 6 2 vs. 13.2 6 8.2 pg/mL; P = 0.29), desacyl ghrelin (282 6 152 vs. 279 6 200 pg/mL; P = 0.64), PYY (68.2 6 22.4 vs. 77.9 6 46.2 pg/mL; P = 0.44), and active GLP-1 (4.5 6 3.8 vs. 6.1 6 7.2 pmol/L; P = 0.52) were not different between the groups. Also, post-OGTT concentrations of ghrelin and active GLP-1 were similar between the groups (data not shown).
CONCLUSIONSdIn the current study, we demonstrated that chronic cannabis smokers had relative visceral adiposity and adipose tissue insulin resistance but not hepatic steatosis, glucose insulin insensitivity, impaired pancreatic b-cell function, glucose intolerance, or dyslipidemia compared with age-, sex-, ethnicity-, and BMI-matched control individuals. Our study results suggest that chronic, daily cannabis use may have differential tissue-specific effects on insulin sensitivity, but these effects appear to have minimal impact on glucose or lipid metabolism.
Marijuana use and clinical characteristics of study participants
Cannabis is the most frequently used illicit drug, especially in younger individuals, and accounts for the main reason for admission into substance abuse treatments (12) . Moreover, during the past few years there have been further increases in the prevalence of marijuana use in the U.S. (12) . Consequently, understanding the chronic metabolic effects of marijuana smoking are important, a topic that has not been adequately studied. We designed this study to metabolically phenotype healthy chronic cannabis users. Marijuana users in the general population are more likely to be younger (,30 years old), be male, have an average age at first use of ;18 years, and to frequently use other illicit drugs (12) . In this study, we excluded individuals who currently abused other illicit drugs other than cannabis and with history of alcohol abuse or dependency. In 2010, an ;6.9 million current marijuana users used the drug on $20 days in the past month (12) . However, as noted in the Coronary Artery Risk Development in Young Adults (CARDIA) Study (25) and Third National Health and Nutrition Examination Survey (NHANES III) participants (26), only 1-3% of current marijuana smokers are heavy users. In our cohort of daily cannabis smokers, the dose and frequency of marijuana use (average ;10 joints/day) and chronicity (;12 years) was substantial. Marijuana use is associated with higher daily caloric intake. In the NHANES III and CARDIA study, heavy cannabis users had ;20% higher calorie intake than nonusers (25, 26) . The increase in calories was from higher intake of all macronutrients. Specifically, the frequency and amount of consumption of soda, cheese, salty snacks, pork, and alcohol was higher in cannabis users.
Consistent with other studies, the quality of diets consumed by cannabis users was poor (27) . Furthermore, the percent of daily calories derived from carbohydrates relatively rich in simple sugars was significantly higher in marijuana smokers. These findings are consistent with human and animal studies demonstrating that cannabinoids stimulate food intake, specifically highly palatable sweet-tasting foods (28) . Cannabis smokers in our study exhibited characteristics typically observed in marijuana smokers in the general population. In particular, the degree and duration of cannabis exposure in our study participants provided us the opportunity to clearly assess any significant metabolic effects of chronic and heavy marijuana use in healthy individuals.
Effects of marijuana on adiposity and abdominal fat distribution D9-THC, the lipophilic active ingredient of cannabis, is known to accumulate in adipose tissue of heavy marijuana users (29) . This may explain adipose tissuespecific effects of chronic marijuana use. In in vitro studies, D9-THC has been shown to increase adipocyte hypertrophy and lipogenesis (30) . Based on extant literature, mainly from in vitro and animal studies (2,3), we hypothesized that chronic cannabis users may have higher amounts of hepatic fat and abdominal visceral fat. Using MRS, we did not observe any significant differences in hepatic fat content between chronic cannabis users and age-, sex-, ethnicity-, and BMImatched nonusers. In one recent epidemiological study of several hundred patients with hepatitis C infection, daily cannabis use was found to be a predictor of hepatic steatosis (by microscopy) (11). However, there was a higher prevalence of hepatic steatosis in nonmarijuana users with HCV infection, suggesting that marijuana use may exacerbate the pathological effects of HCV infection in the liver. Alkaline phosphatase, but not hepatic transaminase, levels were higher in cannabis users in our study. This is consistent with a prior report demonstrating elevated hepatic enzymes and hepatomegaly in cannabis smokers (31) . But for this solitary study, there are no other human studies that help interpret or refute the likelihood of a false-positive finding of higher levels of alkaline phosphatase.
In animal studies, chronic CB 1 R stimulation by endocannabinoids favors adiposity independent of its effects on appetite stimulation, as deduced from the opposite effects of chronic CB 1 R blockade. This contrasts with the effects of chronic marijuana use as reported in NHANES III (27) , the National Epidemiologic Survey on Alcohol and Related Conditions, the National Comorbidity Survey-Replication (32) , and the CARDIA (25) studies, which show that despite an increase in caloric intake, prevalence of obesity is lower in cannabis users as compared with nonusers. Moreover, in NHANES III, higher frequency of marijuana use was significantly associated with lower BMI (27) . This negative association of cannabis use and BMI remained even after adjustment for potential confounders such as age, sex, education, caloric intake, tobacco smoking, and alcohol use. In our study, nonmarijuana users had comparable amounts of percent TBF, but the total abdominal fat content (subcutaneous and visceral combined) was significantly lower in cannabis smokers. However, when we examined the relative amounts of abdominal fat distribution, cannabis smokers had significantly higher percentage of visceral fat. This finding is consistent with the observation that marijuana use is associated with larger waist circumference (25) . In obese individuals, endocannabinoid levels are higher in abdominal (33) (34) (35) (36) , but paradoxically lower in subcutaneous adipose tissue (37, 38) . These findings have led to the suggestion that such depot-specific upregulation of endocannabinoid system (ECS) may favor partition of lipids toward visceral and away from subcutaneous fat depots during states of caloric excess (39) . Interestingly, D9-THC-induced decrease in AMPactivated protein kinase, an enzyme that activates fatty acid oxidation, is greater in visceral adipocytes (40) , suggesting a depotspecific effect. Although not known, such depot-specific actions of phytocannabinoids may explain the effects of chronic cannabis smoking on regional fat distribution. In addition, non-D9-THC phytocannabinoids (e.g., cannabidiol [CBD]) may also play a role in adipogenesis (41) . However, the ratio of D9-THC versus CBD exceeded 10:1 in the vast majority of marijuana samples seized in Maryland (M. A. ElSohly, personal communication). This makes it unlikely that non-D9-THC cannabinoids such as CBD contributed to the relative visceral adiposity observed in our study. These novel and intriguing findings from our study should be considered hypothesis-generating that need further confirmation in larger studies.
Effects of marijuana use on insulin action and secretion Daily smoking of marijuana for 7 days or acute intravenous administration of D9-THC induces glucose intolerance in men (8, 9) . However, the effects of chronic marijuana smoking on glucose disposal, insulin action, and b-cell function have not been previously investigated. In our study, chronic cannabis impaired adipose tissue insulin sensitivity but not insulin sensitivity parameters related to glucose metabolism. These tissue-specific effects of marijuana may be due to: 1) higher levels of D9-THC and prolonged retention in adipose tissue (29) ; 2) higher sensitivity to antilipolytic effects of insulin in adipose tissue compared with its action in the liver (suppression of glucose production) or skeletal muscle (stimulation of glucose disposal); and 3) varying expression of CB 1 R in insulin-sensitive tissues (e.g., expression of CB 1 Rs in liver is minimal in healthy individuals) (42) .
Pancreatic CB 1 R activation leads to b-cell death and impairs insulin secretion in mice (4) . Whether chronic marijuana smoking affects insulin secretion in humans is not known. Using C-peptide deconvolution and OGTT modeling, total insulin secretion, b-cell glucose sensitivity, rate sensitivity, and potentiation of insulin secretion were evaluated. Chronic cannabis smoking does not appear to impair b-cell glucose sensitivity, rate sensitivity, or insulin secretion. Thus, chronic marijuana smokers manifest normal glucose tolerance due to intact peripheral insulin sensitivity and b-cell function. The lack of adverse effects of chronic cannabis use on glucose tolerance is consistent with the lower prevalence of type 2 diabetes in heavy marijuana smokers (26) . Likewise, heavy marijuana use did not impair fasting glucose levels in the CARDIA study (25) .
Marijuana use, blood pressure, and dyslipidemia Chronic marijuana users had higher blood pressure but near-normal lipid parameters compared with nonusers. Similar findings have also been reported from the NHANES III and CARDIA study (25, 26) . One potential confounder in interpreting these findings is the frequent association of tobacco smoking in chronic cannabis smokers in our and other's studies (12, 25) .
Marijuana use and appetitemodifying incretins Appetite stimulating actions of cannabis are well established, but the effects of chronic cannabis use on appetite hormones are unknown. In a recent study, administration of medicinal cannabis acutely increases plasma ghrelin and leptin and decreases PYY levels in individuals with neuropathic pain (43) . Although we did not assess appetite ratings, fasting and post-OGTT levels of ghrelin, GLP-1, and PYY were unaffected by marijuana smoking. It is probable that the duration of cannabis exposure (acute vs. chronic) may differentially affect levels of circulating appetite hormones. Further studies are needed to confirm these findings.
Metabolic effects of phytocannabinoids versus endocannabinoids
Phytocannabinoids are plant-derived natural products that are chemically similar to cannabinoids and interact with CB receptors. The two major cannabinoids from cannabis sativa are D9-THC and CBD. D9-THC is a CB 1 R and CB 2 R partial agonist, and CBD produces a broad range of effects not mediated by either CB 1 R or CB 2 R, although in some systems it may behave as a CB 2 R inverse agonist (44) . However, when CB receptor expression is low, D9-THC blocks CB receptor activation by other cannabinoids (44) . Chronic cannabis use downregulates CB 1 Rs (45) and may induce tolerance to the effects of D9-THC. This is the most likely explanation of the discrepant effects of cannabis on glucose metabolism in short-term studies and after chronic exposure. Although the possibility of CB1R desensitization exists, definitive conclusions cannot be made due to lack of data regarding cannabis dose over time (stable vs. scaling up), especially at the time of metabolic assessment. The ability of D9-THC to block or activate CB receptors, differential downregulation of CB 1 Rs, role of non-CB 1 R activation by phytocannabinoids, varying tissuespecific expression of CB receptors, and the development of tolerance to some effects of D9-THC may explain the differential effects of ECS upregulation in rodents and chronic cannabis use in humans.
Limitations
Our study has several limitations aside from the small cohort size and lack of multiplicity corrections for exploratory outcomes. First, the accuracy of selfreported substance use is frequently questioned due to substantial underreporting. However, in our study, cannabis use was elicited by experienced investigators and underreporting minimized through assurances of confidentiality, lack of adverse consequences, appropriate recall cues, and other confirmatory biological markers for confirmation (46) . Even if underreported, cannabis use was significant in our study. Second, although the effect of tobacco smoking on insulin sensitivity is equivocal (47, 48) , the high prevalence of concurrent tobacco use in cannabis users is inevitably a major confounder. Nonetheless, the metabolic parameters were not different between tobacco users and nonusers in cannabis users. Third, consumption of a diet rich in carbohydrates with high glycemic index may have had independent effects on adipose tissue insulin sensitivity and visceral adiposity. However, carbohydrate consumption was assessed by dietary history, which is highly variable, especially in our cannabis cohort. Fourth, we used surrogate measures of insulin sensitivity and secretion. Although these indices and b-cell function modeling have been extensively validated and used, the findings from our exploratory study need to be confirmed using gold-standard techniques such as euglycemic hyperinsulinemic and hyperglycemic clamp techniques. Fifth, given the high proportion of African Americans in our cohort, our results may have also been affected by the relative resistance of African Americans to hepatic steatosis (49) . Finally, confounding effects of varying composition of cannabis preparations and the relative amounts and activities of non-THC cannabinoids (e.g., CBD, cannabigerol, and tetrahydrocannabivarin) and even noncannabinoids such as terpenoids on glucose metabolism is an unavoidable limitation.
In healthy young individuals, chronic cannabis smoking was associated with visceral adiposity and adipose tissue insulin resistance but not with hepatic steatosis, insulin insensitivity, impaired pancreatic b-cell function, or glucose intolerance.
